A cute allograft rejection is a T cell-dependent phenomenon. Effector CD4 ϩ T cells were traditionally thought to segregate into Th1 and Th2 subsets with T cells exposed to IL-12 differentiating into IFN-␥-producing Th1 cells and exposure to IL-4 resulting in IL-4-producing Th2 cells. More recently, two other pathways of differentiation have been described, namely induced regulatory CD4 ϩ T cells (iTregs) 4 upon TCR stimulation during TGF-␤/IL-2 signaling and Th17 cells for murine T cells activated in the presence of TGF-␤/IL-6 (1). Acute allograft rejection has traditionally been associated with Th1 differentiation, as rejection often correlates with expression of IFN-␥ in allografts and production of IFN-␥ upon restimulation of peripheral T cells with alloantigen (2) . However, we and others (3, 4) have shown that other pathways of allograft rejection must exist inasmuch as kinetics of rejection are unaltered in mice genetically deficient in STAT4 that have defective Th1 differentiation.
The role of Th17 cells in acute allograft rejection has been less widely studied. IL-17 transcripts have been described in the early phase of rat and human kidney allograft rejection (5, 6) , and IL-17-producing cells were sufficient to mediate rejection of rat lung allografts (7) . In addition, IL-17 was found to play a major role in cardiac allograft rejection by mice deficient in T-bet that have reduced IFN-␥ production and type 1 T cell differentiation (8, 9) . However, antagonism of IL-17 only modestly delayed acute rejection in wild-type recipients of aortic (10) and cardiac transplantation (11) . These results suggest that IL-17-producing cells become dominant when other pathways to rejection are dampened. Interestingly, there appears to be reciprocal control of Th17 and iTreg differentiation (12) , both subsets requiring TGF-␤ signaling, but the concomitant presence of inflammatory cytokines antagonizing iTreg and promoting Th17 differentiation and IL-2 exerting converse effects. Whether this equilibrium occurs in transplantation models in vivo and if so, whether it can be skewed in one direction or the other, remains to be determined.
TLRs recognize molecular patterns expressed on microorganisms and signal the production of proinflammatory cytokines necessary for the elimination of pathogens (13) . In particular, TLR signaling can induce the production of IL-6, a potent Th17 differentiation cytokine and IL-12, a driver of Th1 differentiation (14, 15) . In addition, a main effect of TLR signals in vivo may be to relieve effector T cells from suppression by Tregs (16) . We and others (17) (18) (19) have shown that perioperative administration of synthetic TLR agonists can prevent the induction of transplantation tolerance. In our fully mismatched model of cardiac transplantation, injection of the TLR9 agonist CpG or of the TLR2 agonist Pam 3 CysK 4 at the time of transplantation prevented anti-CD154-mediated long-term allograft acceptance and reduced intragraft recruitment of CD4 ϩ FoxP3 ϩ Tregs (18) , an event thought to be necessary for anti-CD154-mediated tolerance (20) . We hypothesized that TLR signals at the time of transplantation result in the production of proinflammatory cytokines by donor or recipient APCs that should both promote the differentiation of alloreactive T cells into Th1 and Th17 cells and allow their escape from Treg suppression. In addition, TLR signals may prevent iTreg generation in anti-CD154 mAbs-treated recipients by further antagonizing the development of dominant suppression, thereby resulting in allograft rejection. The purpose of our study was to identify the mechanisms of action of CpG by studying the effects of CpG on iTregs and monitoring the impact of TLR9 signaling on effector T cells and mechanisms of rejection. Our results demonstrate that CpG targets hemopoietic cells of recipient origin and promotes acute cardiac allograft rejection in a novel manner that depends on IL-6 and IL-17 and is distinct from acute rejection in untreated wild-type recipients.
Materials and Methods
Mice C57BL/6 (B6, H-2 b ), BALB/c (H-2 d ), B6 CD45.1, and B6 IL-6 Ϫ/Ϫ mice were purchased from The Jackson Laboratory. FoxP3-GFP knock-in mice (FoxP3 GFP ) on a 129/J background and TEa TCR transgenic (TEa-Tg) mice on a B6 background, whose T cells indirectly recognize a peptide of I-E d presented on I-A b , were obtained from Dr. A. Rudensky (University of Washington, Seattle, WA). FoxP3 GFP mice were backcrossed to B6 mice for six generations. TEa-Tg mice were crossed to FoxP3 GFP . MyD88 Ϫ/Ϫ mice on a BALB/c and a B6 background were obtained from Dr. S. Akira (Osaka University, Osaka, Japan). B6 CD45.1, B6 IL-6 Ϫ/Ϫ , FoxP3 GFP , MyD88 Ϫ/Ϫ , and TEa-FoxP3 GFP mice were housed under specific pathogen-free conditions and used in agreement with our Institutional Animal Care and Use Committee, according to the National Institutes of Health guidelines for animal use.
Generation of bone marrow chimeric mice
Marrow from femurs and tibias were obtained by flushing. Erythrocytes were lysed from the marrow suspension, and T cells were depleted using anti-Thy1.2 mAb and negative selection over magnetic beads according to the instructions of the manufacturer (StemCell Technologies). Bone marrow cells (2 ϫ 10 6 ) from B6 MyD88 Ϫ/Ϫ and control mice (CD45.2) were injected i.v. to reconstitute lethally irradiated (11Gy, 18 h prior) congenic (CD45.1) recipients. Reconstitution was verified after 8 wk by flow cytometry on peripheral blood, and chimeric mice were then transplanted with fully allogeneic BALB/c hearts.
Heart transplantation
Transplantation of fully mismatched cardiac allografts was performed using a technique adapted from that originally described by Corry et al. (21) . Cardiac allografts were transplanted in the abdominal cavity by anastomosing the aorta and pulmonary artery of the graft end-to-side to the recipient's aorta and vena cava, respectively. Recipient mice were treated with anti-CD154 (MR1 purified in our laboratories, 1 mg/mouse i.v. on day 0, and i.p. on days 7 and 14 posttransplantation) alone or in combination with CpG (CpG-B ODN 1826, Coley Pharmaceutical Group; 100 g i.v. day 0, and 50 g i.p. days 1 and 2) or anti-IL-17A mAb (R&D Systems; 100 g/mouse i.v. on day 0 and i.p. on days 1, 2, 3, 4, 7, 9, 11, and 13), or control IgG (Jackson ImmunoResearch Laboratories). The day of rejection was defined as the last day of a detectable heartbeat in the graft. Graft rejection was verified in selected cases by necropsy and pathological examination of H&E-stained graft sections.
Isolation of intragraft infiltrating leukocytes
Cardiac grafts were rinsed in situ with HBSS/1‰ heparin. Explanted hearts were cut into small pieces and digested for 40 min at 37°C with 400 U/ml collagenase IV (Sigma-Aldrich), 10 mM HEPES (Mediatech), and 0.01% DNase I (MP Biomedicals) in HBSS (Mediatech). Digested suspensions were passed through a nylon mesh and centrifuged, and the cell pellet was resuspended in 5 ml of 45.5% Nycodenz solution (Sigma-Aldrich). Three milliliters of complete DMEM were added to the top of the Nycodenz, and a centrifugation gradient was performed (1700 ϫ g for 15 min at 4°C). The cells at the interface were recovered, washed with complete DMEM, stained according to the manufacturer's instructions, and analyzed by flow cytometry (BD LSR-II; BD Biosciences).
Intracellular staining and flow cytometric analysis
Lymphocytes were isolated from spleens, lymph nodes (LNs), and heart grafts and processed into single-cell suspensions. Cells were stained with allophycocyanin-coupled anti-CD4 (L3T4), PE-Cy7-or PerCP-coupled anti-CD8 (Ly2), PE-Cy7-coupled anti-CD45.1 (A20), allophycocyanin-Alexa Fluor 750-coupled anti-CD45.2 (104), and PE-Cy7-coupled anti-Thy1.2 (53-2.1) mAbs. For FoxP3 intracellular staining, surface-stained cells were fixed with 1% PFA in PBS/0.1% BSA/0.01 M HEPES/0.1% saponin for 2-18 h and then incubated with FITC-coupled anti-FoxP3 (FJK-16s) for 30 min. After washing twice with PBS/0.1% BSA/0.01 M HEPES/0.1% saponin, cells were resuspended in PBS/1% FCS and analyzed by flow cytometry. For IL-17 and IFN-␥ intracellular staining, cells were stimulated with PMA (Sigma-Aldrich), ionomycin (Sigma-Aldrich), and GolgiPlug (BD Pharmingen) for 6 h, before staining for surface markers. Cells were then stained intracellularly using PE-coupled anti-IFN-␥ (XMG1.2), allophycocyanin-coupled anti-IL-17A (eBio17B7), and analyzed by flow cytometry. All mAbs were from BD Pharmingen or eBioscience.
iTreg conversion in vivo
Spleens from TEa-FoxP3 GFP mice were used to sort CD3 ϩ CD4 ϩ GFP Ϫ naive T cells. Purity was Ͼ99%. Sorted cells (5 ϫ 10 6 ) were stained with PKH26 and injected i.v. into syngeneic B6 mice 1 day before transplantation with BALB/c hearts. Recipients were left untreated or injected with anti-CD154 plus CpG as described above. Animals were sacrificed on day 10 posttransplantation, and spleens, LNs, and cardiac allografts were analyzed by flow cytometry for expression of GFP (FoxP3) within CD4-gated live events. The pro-rejection effect of CpG requires MyD88 on recipient hemopoietic cells. A, Wild-type and MyD88-deficient hearts of BALB/c origin were transplanted into wild-type and MyD88 Ϫ/Ϫ mice on the B6 background. Recipients were either left untreated or treated with anti-CD154 Ϯ CpG and cardiac allograft survival was examined over time (n ϭ 3-5 mice/group). B, Tdepleted bone marrow cells from wild-type or MyD88 Ϫ/Ϫ mice on a B6 background (CD45.2 ϩ ) were injected into congenic (CD45.1 ϩ ) lethally irradiated B6 recipients and allowed to reconstitute the immune system for 8 wk before transplantation with BALB/c hearts. Recipients were either left untreated or treated with anti-CD154ϮCpG and cardiac allograft survival was examined over time (n ϭ 3 mice/group).
Generation and culture of bone marrow-derived dendritic cells (BMDCs)
BMDCs were generated from BM progenitors as described previously (22) . Briefly, BM cells (5 ϫ 10 6 ) from B6 WT or B6 IL-6 Ϫ/Ϫ mice were cultured in 10 ml of complete medium supplemented with 10 ng/ml recombinant murine GM-CSF (R&D Systems). Culture medium was renewed every other day. On day 7 of culture, DCs were harvested and irradiated (2500 rad) before in vitro culture.
Generation of Tregs in vitro and cytokine analysis
CD4 ϩ T cells from pooled spleens and LNs of FoxP3 GFP -knock-in, B6, or IL-6 Ϫ/Ϫ mice were enriched by negative selection over magnetic beads ac-cording to the instructions of the manufacturer (StemCell Technologies). Enriched CD4 ϩ T cells were stained with allophycocyanin-coupled anti-CD4 (L3T4), allophycocyanin-Alexa-Fluor750-coupled anti-CD25 (PC61.5), and PE-coupled anti-CD44 (1M7) and were FACS-sorted in a high-speed cell sorter (DakoCytomation MoFlo) to obtain FoxP3-GFP Ϫ , FoxP3-GFP ϩ , or CD44 low CD25 Ϫ CD4 ϩ T cells. Naive CD44 low CD25 Ϫ CD4 ϩ T conventional cells were resuspended in complete DMEM (supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (100 g/ml), HEPES, 2-ME (50 M), and additional amino acids), plated on flat bottom 96-well plates (2 ϫ 10 5 /well), and stimulated with plate-bound anti-CD3 (2 g/ml) and anti-CD28 (2 g/ml) mAbs, TGF-␤ (2 ng/ml), and recombinant human IL-2 (50 U/ml) in the presence or absence of syngeneic irradiated (2000 rad) splenocytes or syngeneic BMDCs Ϯ CpG for 5 days. Results were similar whether syngeneic splenocytes or BMDCs were used as APCs. The cells were harvested, stained with anti-CD4 Ab, and analyzed for FoxP3-GFP ϩ or intracellular FoxP3 ϩ expression by flow cytometry. Supernatants were collected and the concentration of IL-17A in each sample was detected by ELISA using Ab pairs as instructed by the manufacturer (BD Pharmingen). Absorbance was detected in a 96-well spectrophotometer (Quant; Bio-Tek Instruments), and data were analyzed using KC4 software (Bio-Tek Instruments) by comparison to a standard curve generated using recombinant cytokines at known concentrations.
Analysis of serum cytokines
B6 mice were injected with CpG (100 mg i.p.) and serum was collected serially at 0, 2, 5 and 10 h postinjection. The concentration of IL-12 and IL-6 in the serum were determined by multiplex bead analysis (Invitrogen) and ELISA (eBioScience), respectively, according to the instructions by the manufacturer.
Real-time RT-PCR
Lymphocytes were isolated from spleens, LNs, and heart grafts and processed into single-cell suspensions. Total cellular RNA was isolated using RNeasy Plus Mini Kit (Qiagen) and subjected to reverse transcription (RT), using FIGURE 2. CpG prevents conversion of naive CD4 ϩ T cells into iTregs in vivo. CD4 ϩ GFP Ϫ cells were sorted from TEa-Tg-FoxP3 GFP knock-in mice, labeled with PKH26 and injected i.v. (5 ϫ 10 6 ) into syngeneic B6 recipients 1 day before transplantation with BALB/c hearts and indicated treatments. Allografts were harvested on day 10 posttransplantation and infiltrating leukocytes analyzed by flow cytometry for expression of GFP among CD4-gated events. Numbers in the plots represent percentages of GFP ϩ cells among CD4 ϩ cells. iScript cDNA Synthesis Kit (Bio-Rad) before PCR amplification. For RT reactions, 1 g of total RNA was used per sample, and RT was conducted for 30 min at 42°C. For PCR, the primers used were as follows: IL-17, forward: TCCAGAAGGCCCTCAGACTA; reverse: AGCATCTTCTCGACCCT GAA; ␤-actin, forward: TGGAATCCTGTGGCAT-CCATGAAAC; reverse: TAAAACGCAGCTCAGTAACAGTCCG; CD3, forward: GATGCGGTG GAACACTTTCT; reverse: ACTGTCCTCGACTTCC-GAGA.
IFN-␥ ELISPOTs
Splenocytes (10 6 /well) from untransplanted mice or from transplanted mice harvested following rejection by the anti-CD154 plus CpG-treated group were restimulated with irradiated syngeneic (B6), donor (BALB/c), or third party (C3H) splenocytes (4 ϫ 10 5 /well) for 24 h. The ELISPOT assay was conducted according to the instructions of the manufacturer (BD Biosciences), and the numbers of spots per well were enumerated using the ImmunoSpot Analyzer (CTL Analyzers).
Statistical analysis
Comparisons of means were performed using the Student's t test, the Mann-Whitney U test, or the Tukey test for multiple comparisons, when appropriate. Graft mean survival time and p values were calculated using Kaplan-Meier/log-rank test methods. Values of p Ͻ 0.05 were considered significant.
Results

CpG promotes rejection that is dependent on expression of MyD88 on recipient hemopoietic cells
We have previously shown that elimination of MyD88-dependent signaling in both donor skin grafts and recipient mice, but not in either one alone, enables anti-CD154 therapy to induce long-term survival or fully mismatched skin allografts (18) . Conversely, administration of the TLR9 agonist, CpG, which also signals via MyD88, prevents long-term transplant acceptance of cardiac allografts mediated by anti-CD154, or their tolerance induced by anti-CD154 plus donor-specific transfusion (DST) (18) . However, the cell types required for CpG to prevent anti-CD154-dependent acceptance of cardiac allografts are not known. To determine whether CpG mediates its pro-rejection effects on heart allografts by targeting cells of donor or host origin, we used MyD88 Ϫ/Ϫ mice on BALB/c and B6 backgrounds. Elimination of MyD88 in the recipient but not the donor abrogated the ability of CpG to promote cardiac allograft rejection ( Fig. 1A) , thus contrasting with our previous results in the skin graft model.
Cells of both parenchymal (endothelial and epithelial) and hemopoietic origin (T cells and APCs in particular) are known to express TLRs and MyD88 (23) . To determine whether host cells of hemopoietic or nonhemopoietic origin were required for CpG to prevent cardiac allograft acceptance, bone marrow chimeras were generated using wild-type or MyD88 Ϫ/Ϫ bone marrow to reconstitute lethally irradiated congenic MyD88-competent mice. Resulting animals harbored MyD88-competent parenchymal cells and hemopoietic cells either competent or deficient in MyD88. Bone marrow chimeric animals were transplanted, 8 -10 wk following reconstitution, with BALB/c hearts and treated with anti-CD154 with or without CpG. Administration of CpG plus anti-CD154 resulted in acute rejection in recipients reconstituted with MyD88-expressing but not MyD88-deficient bone marrow cells (Fig. 1B) , indicating that host cells of hemopoietic origin expressing MyD88 are required for CpG to prevent anti-CD154-mediated graft acceptance.
CpG prevents conversion of graft-reactive T cells into iTregs
If CpG targets recipient hemopoietic cells, it is likely to alter the differentiation of T cells exposed to alloantigen. Anti-CD154 is known to promote conversion of naive T cells into iTregs (24) . We have previously shown that animals treated with anti-CD154 plus CpG displayed both reduced numbers of intragraft CD4 ϩ FoxP3 ϩ cells and a decreased intragraft ratio of CD4 ϩ FoxP3 ϩ to CD4 ϩ FoxP3 Ϫ cells (18) when compared with mice treated with anti-CD154 alone. We had concluded that this was due in part to reduced migration of Tregs into the graft as intragraft expression levels of the CCR4 ligands CCL17 and CCL22 were diminished in animals treated with CPG (18) . However, many graft-infiltrating Tregs were CCR4 Ϫ (data not shown), such that it remained possible that part of the decreased accumulation of FoxP3 ϩ cells in the allografts of CpG-treated mice was a consequence of reduced Treg proliferation or inhibited conversion of "conventional" T cells into iTregs. To test whether CpG could prevent conversion of naive T cells into iTregs in vivo, TEa CD4 ϩ FoxP3 Ϫ cells that indirectly recognize a peptide from I-E d presented on I-A b were sorted from TEa-FoxP3 GFP knock-in mice, labeled with PKH26, and adoptively transferred into syngeneic B6 mice 1 day before cardiac transplantation with BALB/c hearts. Treatment with anti-CD154 resulted in the conversion of a subset of the transferred CD4 ϩ cells into FoxP3 ϩ cells, which accumulated only in the allograft (Fig.  2) , and were not detected in either the spleen or LNs (data not shown). In contrast, injection of CpG at the time of transplantation prevented detection of FoxP3 expression among the TEa CD4 ϩ FoxP3-negative transferred cells (Fig. 2) . This was not due to reduced recruitment of TEa ϩ cells into cardiac allografts of CpG-treated recipients as similar percentages of PKH26 ϩ CD4 ϩ cells were observed in the allografts of tolerant and CpG-treated recipients (data not shown). Taken together, these results suggest that CpG can prevent conversion of naive T cells into iTregs in vivo. CpG opposes TGF-␤-mediated iTreg differentiation and promotes IL-17 production in an IL-6-dependent manner in vitro iTregs can be generated in vitro from naive conventional CD4 ϩ T cells upon TCR stimulation in the presence of TGF-␤ and IL-2 (25) . To investigate the mechanisms by which CpG can prevent iTreg differentiation under more controlled conditions, sorted naive (CD4 ϩ CD25 Ϫ CD44 low GFP Ϫ ) conventional T cells from FoxP3 GFP -knock-in mice (Fig. 3A) were stimulated in vitro under FIGURE 5. CpG promotes expression of IL-17 in cardiac allografts. A, B6 mice were injected with CpG (100 g) i.p., and serum was collected serially at the indicated time points. Concentration of IL-12 and IL-6 was determined by multiplex bead analysis and ELISA, respectively. Results represent mean ϩ SD from three animals per group. B, BALB/c hearts were transplanted into B6 or FoxP3 GFP -knock-in recipients that were either left untreated or received anti-CD154 (MR1) or anti-CD154ϩCpG (CpG). Spleen, pLNs, and cardiac allografts were harvested 7-14 days posttransplantation. An untransplantated B6 mouse and Th17 cells differentiated in vitro from naive CD4 ϩ T cells were used as controls. Leukocytes were isolated from the different tissues, and mRNA expression for IL-17 and CD3 was determined by real-time RT-PCR. The figure shows the ratio of IL-17A:CD3 expression levels and the mean ϩ SD of triplicate determinations. The plot is representative of four independent experiments. C, Spleen, pLNs, and heart allografts were harvested 8 -12 days posttransplantation. Leukocytes were isolated, stimulated for 6 h with PMA and ionomycin in the presence of GolgiPlug, and stained for analysis by flow cytometry. The plot represents intracellular expression of IL-17 and IFN-␥ on CD4-gated events and is representative of three independent experiments. D, The percentage of IL-17 and IFN-␥-producing cells among CD4-gated events is represented as mean ϩ SD of three independent experiments and five to seven mice per goup. ‫,ء‬ p Ͻ 0.05 between the groups indicated by the horizontal bars. iTreg differentiation conditions with immobilized anti-CD3/CD28 in the presence or absence of T-depleted APCs and CpG. Stimulation of T/APC mixtures in the presence of TGF-␤/IL-2 resulted in the conversion of 27% naive T cells into FoxP3 ϩ (GFP ϩ ) cells (Fig. 3B ). Addition of CpG almost completely abrogated iTreg differentiation (Fig. 3, B and C) . Importantly, the effect of CpG required the presence of APCs, because iTreg differentiation was not affected in cultures containing T cells alone (Fig. 3, B and C) . In fact, conversion of naive T cells into FoxP3 ϩ cells was more efficient in this setting, presumably because fewer inflammatory factors are produced in the absence of APCs even without exogenous TLR stimulation.
Analysis of supernatants in the same cultures by ELISA revealed that CpG not only prevented iTreg differentiation, but also concomitantly promoted IL-17 production ( Fig. 3D ). TLR signals can induce IL-6 production, and IL-6 is a potent driver of Th17 differentiation when in the presence of TGF-␤. To test whether the effects of CpG were due to IL-6 production, experiments were repeated using T cells or APCs from IL-6-deficient mice. As shown in Fig. 4 , CpG-mediated promotion of IL-17 production and prevention of FoxP3 induction required production of IL-6 by APCs but not T cells. These results suggest that in vitro, CpG activates APCs to produce IL-6, which in turn antagonizes iTreg differentiation and promotes the production of IL-17 cells by naive CD4 ϩ T cells.
CpG promotes IL-17 production in cardiac allograft recipients
We have previously shown that administration of CpG at the time of transplantation in anti-CD154-treated recipient mice indeed restores IFN-␥ production by alloreactive splenocytes as determined by ELISPOT (18) , suggesting that CpG facilitates the generation of graft-specific type 1 T cells in anti-CD154-treated recipients. To determine whether administration of CpG in vivo resulted in production of IL-12 or IL-6 that may potentially drive Th1 and Th17 differentiation, B6 animals treated with one dose of CpG were bled serially over a 10-h period. IL-12 and IL-6 were detected rapidly after CpG injection (Fig. 5A) . To determine whether IL-17-producing cells are also generated in CpG-treated transplanted mice, allografts and secondary lymphoid organs were harvested 2 wk after transplantation in animals untreated or treated with anti-CD154ϮCpG. Infiltrating leukocytes from the graft and secondary lymphoid organs were isolated for analysis by real-time RT-PCR or flow cytometry. IL-17 mRNA expression was detected only in the cardiac allografts from CpG/anti-CD154-treated animals but not in untreated or anti-CD154-treated recipients and not in secondary lymphoid organs from any group (Fig. 5B) . Similarly, IL-17 was detected at the protein level by flow cytometry in graftinfiltrating CD4 ϩ T cells from CpG/anti-CD154-treated animals but not in any other location or treatment group (Fig. 5, C and D) and not in CD8 ϩ T cells (data not shown). In contrast, IFN-␥ expression by CD4 ϩ cells was detected in all groups and locations, although, as expected, in lower proportions in anti-CD154-treated groups (Fig. 5, C and D) . Taken together with Fig. 2 , these results are consistent with the hypothesis that TLR signals at the time of transplantation may favor Th17 differentiation while preventing iTreg differentiation in anti-CD154-treated recipients.
IL-6/IL-17 signals are required for CpG to prevent anti-CD154-mediated allograft acceptance in vivo
To determine whether IL-17 was required for CpG-mediated cardiac allograft rejection in vivo, wild-type mice were transplanted with fully allogeneic BALB/c hearts and treated with blocking anti-IL-17 mAb in the presence or absence of anti-CD154ϩCpG. As shown in Fig. 6A , blockade of IL-17 did not prevent CpGmediated cardiac allograft rejection in anti-CD154-treated wildtype recipients. We reasoned that IL-17 is only one of the effector cytokines produced by Th17 cells and that to eliminate Th17-mediated rejection, it may be necessary to reduce Th17 differentiation in addition to blocking IL-17 function. To this end, we used IL-6-deficient mice on the B6 background as recipients of cardiac allografts, because our in vitro data indicated that IL-6 plays an essential in the ability of CpG to induce IL-17 production (Fig. 4) . IL-6-deficient mice rejected allografts promptly when left untreated and accepted cardiac allografts long-term when treated with anti-CD154 (Fig. 6A) . As in wild-type animals, perioperative administration of CpG prevented anti-CD154-mediated allograft acceptance, indicating that lack of IL-6 is not sufficient to prevent CpG-mediated rejection. In contrast, blockade of IL-17 abrogated the pro-rejection effects of CpG in IL-6-deficient mice, indicating that CpG-mediated rejection is dependent on the combination of FIGURE 6. IL-6 and IL-17 are required for CpG to prevent anti-CD154mediated cardiac allograft acceptance. Wild-type B6 (n ϭ 3 per control group) or IL-6 Ϫ/Ϫ mice on a B6 background were transplanted with BALB/c hearts and left untreated or treated with anti-CD154 Ϯ CpG (n ϭ 3-5 for all control groups) in the presence of anti-IL-17 (n ϭ 6) or control IgG (n ϭ 3, but similar results were obtained in the absence of control isotype, n ϭ 5; data not shown). A, Graft survival was examined over time. B, Animals were sacrificed on day 50 -80 posttransplantation, and splenocytes were restimulated with irradiated syngeneic (B6), donor (BALB/c), or third-party (C3H) splenocytes for detection of IFN-␥-producing cells by ELISPOT. ‫,ءءء‬ p Ͻ 0.001; ‫,ءء‬ p Ͻ 0.01, between the groups spanned by the horizontal bars.
IL-6 and IL-17 signals. Intriguingly, lack of rejection in IL-6-deficient mice treated with anti-IL-17 correlated with reduced frequency of IFN-␥-producing alloreactive splenocytes ( Fig. 6B ), suggesting also diminished Th1 differentiation. Taken together, our results suggest that proinflammatory signals induced by TLR agonists may promote Th1 and Th17 differentiation in vivo and indicate that they promote cardiac allograft rejection via a different effector mechanism, namely an IL-6/IL-7-dependent mechanism, than that operating in nonimmunosuppressed wild-type recipients.
Discussion
We have previously shown that TLR signals at the time of transplantation can prevent cardiac allograft acceptance normally induced by anti-CD154. Our current results demonstrate that this TLR-induced rejection depends on the combination of IL-6 and IL-17 signals. In addition, blockade of IL-6 and IL-17 does not prevent cardiac allograft rejection in nonimmunosuppressed recipients that did not receive CpG, indicating that TLR signals at the time of transplantation trigger acute rejection in anti-CD154-treated recipients by a mechanism distinct from that in untreated controls.
Our data show that the pro-rejection effect of CpG depends on recipient hemopoietic cells and that administration of CpG results in the rapid systemic production of IL-12 and IL-6 and the subsequent expression of IFN-␥ and IL-17 by graft-infiltrating CD4 ϩ T cells despite anti-CD154 treatment. These observations suggest a model in which TLR signals activate host innate immune cells resulting in Th1 and Th17 differentiation by alloreactive T cells, perhaps also preventing anti-CD154-mediated iTreg differentiation, which collectively results in acute rejection by a distinct IL-6and IL-17-dependent pathway. Whether IL-6 is only necessary for driving Th17 differentiation or whether other proinflammatory effects of IL-6 play a role in eliciting rejection after CpG remains to be elucidated. Similarly, we cannot exclude the possibility that CpG may expand or promote intragraft recruitment of IL-17-producing cells rather than, or in addition to, helping Th17 differentiation. Nevertheless, our results clearly demonstrate that inflammatory signals produced at the time of transplantation can determine the cytokines, and subsequently, the quality of the cellular alloresponse driving acute allograft rejection.
Our results indicate that the cell type required for the pro-rejection effect of CpG is of recipient and of hemopoietic origin. Our in vitro data suggest that the cells targeted by CpG are likely host APCs rather than T cells, as CpG did not prevent iTreg differentiation or promote Th17 differentiation in T cell cultures devoid of APCs. However, we cannot exclude that CpG also targets T cells in vivo, as CpG has been shown to increase proliferation, prevent anergy and promote humoral responses when MyD88 was expressed only in T cells (26) . In addition, donor hemopoietic cells and donor and/or recipient parenchymal cells may also participate in the pro-rejection effects of CpG, but our data indicate that MyD88-dependent signaling via these cells is not required. Consistent with an important effect of TLR signals on host APCs, selective deletion of MyD88 in dendritic cells has recently been shown to result in marked reduction of CpG-induced early production of proinflammatory cytokines thought to be involved in promoting Th1 and Th17 differentiation, including IL-12, IL-6, IL-23, and TNF (27) . Thus, within APCs, the effects of CpG may be largely mediated by dendritic cells. The importance of recipient APCs in the effects of CpG in solid organ transplant settings is in marked contrast with the critical role of donor APCs in the ability of CpG to promote rejection of bone marrow transplants. In that model, CpG-mediated rejection depended on the expression of TLR9 by donor but not recipient cells and was IL-6 independent, suggesting that CpG may indirectly modulate the strength of the recipient antidonor response (28) .
The importance of the ratio of Tregs to T effector cells in target organs is being increasingly recognized both in tumor and allograft settings (29, 30) . Our previous results had correlated CpG administration with reduced accumulation of Tregs in allografts from anti-CD154-treated mice, in association with reduced intragraft expression of the CCR4-attracting chemokines CCL17 and CCL22 (18) . In parallel, it has been shown that anti-CD154 promotes the conversion of naive alloreactive T cells into iTregs (24) , suggesting that the accumulation of Tregs found in allografts from anti-CD154-treated mice may be secondary to recruitment of iTregs rather than to proliferation of natural Tregs. Indeed, BrdU incorporation by FoxP3 ϩ cells was similar in our transplanted mice whether untreated or receiving anti-CD154 with or without CpG (data not shown), suggesting similar global proliferating rates of all Tregs in the presence or absence of TLR engagement. In addition, the suppressive capacity of Tregs from transplanted mice treated with anti-CD154 or anti-CD154ϩCpG was comparable in vitro, as was the susceptibility to suppression of splenic conventional T cells from the different transplanted mice to control Tregs (data not shown). These results suggest that the pro-rejection effect of CpG in this case is not solely due to relieving effector T cells from Treg suppression as suggested in other models (16) . Our current data indicate that CpG can prevent the conversion of naive alloreactive T cells into iTregs in vivo. Whether this is only the case for T cells recognizing alloantigens indirectly such as the TEa cells used in this study or is a wider phenomenon applicable to all alloreactive T cells remains to be established. Additionally, whether prevention of iTreg differentiation is necessary for the ability of CpG to promote rejection is not clear and difficult to evaluate in vivo as no current strategies are available to delete iTregs independently from nTregs.
Our current results suggest that within graft-infiltrating conventional (FoxP3 Ϫ ) CD4 ϩ T cells, both IFN-␥-producing and IL-17producing cells coexist in CpG-treated animals. Although quantitative differences in the percentage of IFN-␥-producing cells existed between mice treated with anti-CD154 and those with anti-CD154ϩCpG, the main difference triggered by TLR engagement was a qualitative one as IL-17-producing cells became detectable only in the grafts from CpG-treated animals. In addition, although Th1 cells may participate in CpG-mediated rejection, our results indicate that rejection in this setting strictly depended on IL-6/IL-17. CpG-mediated IL-17 production in vitro was completely IL-6 dependent. However, the fact that both IL-6 and IL-17 needed to be blocked in vivo suggests either that additional inflammatory factors other than IL-6 may promote acquisition of IL-17 production in vivo, or that IL-6 exerts pro-rejection effects independent from its ability to promote Th17 differentiation. Indeed, proinflammatory cytokines such as TNF and IL-1, as well as IL-23, have been shown to enhance Th17 differentiation (31) , and it is possible that these or other cytokines were produced in vivo either at levels below detection in the serum (data not shown) or at priming sites in secondary lymphoid organs. In parallel, IL-6 is known to enhance T cell proliferation (32) . Porrett et al. (19) have recently reproduced the CpG-mediated rejection in a different model of cardiac allograft bearing a single MHC class II mismatch (bm12 allografts into B6 recipients). In this setting, CpG-mediated rejection correlated with IFN-␥ production by restimulated alloreactive splenocytes but was independent of IL-6. However, it remains possible that rejection in this bm12 model also depends on IL-6 plus IL-17, as elimination of both cytokines was not performed in these experiments and cytokines in the allograft were not investigated.
Although IL-17 has been detected in wild-type recipient animals undergoing acute allograft rejection or in grafts of transplanted patients, rejection of solid organs did not depend on IL-17. Similarly, IL-17-production by CD4 ϩ cells has recently been shown to contribute to early pathogenesis in a model of graft vs host disease, but disease progression and mortality were unaffected by the lack of IL-17 in T cells (33) . In contrast to wild-type animals, acute rejection of cardiac allografts in T-bet-deficient animals was IL-17 dependent, indicating that the quality of the rejection mechanism can change when type 1 T cell differentiation is prevented (8, 9) . Our model of CpG-mediated rejection is to our knowledge the first model using wild-type animals in which acute rejection depends on IL-17.
Most T cell subsets have been shown to be capable of producing IL-17, including CD4 ϩ , CD8 ϩ , NKT, ␥␦ T cells, and Tregs (34 -39) . Porrett et al. (19) have shown that injection of CpG in vivo did not induce Tregs to produce IL-17, although in vitro both mouse and human Tregs have been reported to be able to become IL-17producing cells in the presence of IL-6 (38, 39) . Our results identify the CpG-induced IL-17-producing cells as a subset of intragraft infiltrating ␣␤CD4 ϩ T cells, whereas we could not detect any IL-17-producing CD8 ϩ T cells by intracellular staining. It has been previously shown that selective deletion of MyD88 in dendritic cells can result in defective CpG-mediated activation of NK and NKT cells (27) , such that it is conceivable that CpG promotes IL-17 production by NKT cells in some settings. However, we have previously shown that CpG-mediated rejection occurs in CD1-deficient animals and is therefore independent of invariant NKT cells (18) . We have also reported that NK but not NKT cells can help T cells mediate cardiac allograft rejection in CD28-deficient mice (40) , but the potential contribution of NK cells in the pro-rejection effect of CpG remains to be investigated.
In conclusion, our results indicate that TLR ligation at the time of transplantation can shift the effector cytokines produced by alloreactive T cells and result in acute rejection that is crucially dependent on IL-6 and IL-17, although IFN-␥ is a likely contributor as well (19) . Thus, the stimulation of innate immunity can induce specific proinflammatory events that can alter the effector mechanisms of rejection. As infections with microorganisms of different origins can trigger TLR activation, it is conceivable that perioperative infections may similarly skew cytokine production by effector T cells and modify the mechanism of acute rejection. However, not all infections may trigger IL-6 and IL-17 production. For instance, we have recently shown that perioperative infection with Listeria monocytogenes results in prevention of anti-CD154/ DST-mediated cardiac allograft acceptance (41) . Of interest, rejection in this setting was independent of MyD88 expression but rather required type I IFN signaling, as mice deficient in IFN-␣␤R were resistant to the pro-rejection effects of L. monocytogenes. In contrast, although TLR9 engagement can signal the production of type I IFN, CpG-mediated rejection of cardiac allografts in anti-CD154-treated recipients occurred with normal kinetics in IFN-␣␤R-deficient mice (data not shown). This is distinct from the TLR4 ligand LPS and the TLR3 agonist poly(I:C), which have been found to prevent skin allograft acceptance induced by anti-CD154ϩDST in a type I IFN signaling-dependent manner (42) . These results highlight the fact that inflammatory signals may lead to activation of different pathways that can all promote acute allograft rejection. Future therapies may need to take several of these pathways into consideration for prevention or treatment of acute rejection.
